Background-Desensitization and downregulation of myocardial ␤-adrenergic receptors (␤ARs) are initiated by the increase in ␤AR kinase 1 (␤ARK1) levels. By interacting with ␤ARK1 through the phosphoinositide kinase (PIK) domain, phosphoinositide 3-kinase (PI3K) is targeted to agonist-stimulated ␤ARs, where it regulates endocytosis. We tested the hypothesis that inhibition of receptor-targeted PI3K activity would alter receptor trafficking and ameliorate ␤AR signaling, ultimately improving contractility of failing cardiomyocytes. Methods and Results-To competitively displace PI3K from ␤ARK1, we generated mice with cardiac-specific overexpression of the PIK domain. Seven-day isoproterenol administration in wild-type mice induced desensitization of ␤ARs and their redistribution from the plasma membrane to early and late endosomes. In contrast, transgenic PIK overexpression prevented the redistribution of ␤ARs away from the plasma membrane and preserved their responsiveness to agonist. We further tested whether PIK overexpression could normalize already established ␤AR abnormalities and ameliorate contractile dysfunction in a large animal model of heart failure induced by rapid ventricular pacing in pigs. Failing porcine hearts showed increased ␤ARK1-associated PI3K activity and marked desensitization and redistribution of ␤ARs to endosomal compartments. Importantly, adenoviral gene transfer of the PIK domain in failing pig myocytes resulted in reduced receptor-localized PI3K activity and restored to nearly normal agonist-stimulated cardiomyocyte contractility. Conclusions-These data indicate that the heart failure state is associated with a maladaptive redistribution of ␤ARs away from the plasma membrane that can be counteracted through a strategy that targets the ␤ARK1/PI3K complex.
A bnormalities in the ␤-adrenergic receptor (␤AR) signaling system such as a reduction in the number of ligand-accessible ␤ARs (downregulation) and diminished response to catecholamine stimulation of remaining receptors (desensitization) are hallmarks of heart failure. 1, 2 However, whether changes in ␤AR signaling represent an adaptive and protective process, as some postulate, 3 or whether ␤AR dysregulation actually promotes deterioration of cardiac function 4 is still controversial. 3 Results from our previous studies suggest that chronic ␤AR dysfunction in the failing heart is maladaptive and contributes to the deterioration in cardiac function. 4 Indeed, a consistent and prominent feature of ␤-blocker therapy in heart failure is the reversal of ␤AR dysfunction. 5, 6 Considerable evidence supports the concept that the chronic increase in circulating catecholamine levels is largely responsible for the ␤AR abnormalities found in failing hearts. 4 Agonist-induced receptor dysfunction begins with ␤AR phosphorylation by ␤ARK1, followed by ␤-arrestin binding that sterically interdicts further G-protein coupling and initiates the process of receptor internalization. 4 Once internalized, receptors are targeted to specialized intracellular compartments, where they can be dephosphorylated and recycled to the plasma membrane (early endosomes) or sent to the degradation pathway (late endosomes). 4 Interestingly, accumulating evidence suggests that the process of ␤AR internalization per se may be pathological because internalizing receptors can directly activate maladaptive signaling pathways in a G-protein-independent fashion. 7 Therefore, strategies that might prevent this redistribution may exert a beneficial effect in heart failure. At the present time, very little is known about the intracellular fate of internalized ␤ARs in heart failure and, more importantly, about the signaling pathways potentially involved in the resensitization and recycling to the plasma membrane of these vesicular pools of ␤ARs.
We have recently shown that efficient ␤AR internalization requires the recruitment of phosphoinositide 3-kinase (PI3K) to agonist-stimulated ␤ARs. 8, 9 This process depends on the cytosolic association of PI3K with ␤ARK1 through the helical domain of PI3K, also known as the phosphoinositide kinase (PIK) domain. 8, 9 Inhibition of ␤AR-localized PI3K activity by transgenic overexpression of an inactive form of PI3K␥ (PI3K␥ inact ) prevents the development of ␤AR dysfunction in response to both chronic catecholamine stimulation and pressure overload in vivo. 10 Interestingly, our previous in vitro studies have shown that overexpression of the minimal 197 aa PIK domain displaces endogenous PI3K from ␤ARK1, thereby interfering with agonist-stimulated ␤AR internalization. 9 From these data, we hypothesized that disruption of the ␤ARK1/PI3K complex through transgenic overexpression of the PIK domain would preserve ␤AR signaling in vivo under conditions of chronic catecholamine stimulation. Furthermore, we used an adenoviral gene transfer approach to determine whether overexpression of the PIK domain peptide under conditions of established ␤AR dysfunction would restore the contractile responsiveness to ␤-agonist stimulation in failing cardiomyocytes.
Methods

Generation of Transgenic Mice
The FLAG-tagged PIK domain 9 was directionally subcloned into a vector downstream of ␣-myosin heavy chain (␣MHC) gene promoter and upstream of the SV40 polyadenylation site. Transgenic founders were identified by Southern blot analysis of tail DNA using the SV40 poly (A) as a probe. Transgenic founder mice were backcrossed into a C57BL/6 background for 7 generations before being used in experiments to investigate the phenotype. Western blot analysis was carried out on multiple generations to analyze and confirm high transgene expression. Animals were handled according to the approved protocols and animal welfare regulations of the Institutional Review Board at Duke University Medical Center.
Membrane Fractionation, Lipid Kinase Assay, ␤ARs Radioligand Binding, and Adenylyl Cyclase Activity
Plasma membrane and cytosolic fractions from left ventricles flashfrozen in liquid N 2 were separated by centrifugation at 37 000g as previously described. 11 Lipid kinase assays on cytosolic fractions were performed after immunoprecipitation with antibodies directed against pan-PI3K and PI3K␣ and ␥ isoforms (Santa Cruz) as previously described. 8 Then, 400 g of plasma membrane fractions was used for immunoprecipitation with a polyclonal antibody directed against ␤ARK1 (Santa Cruz) to measure ␤ARK1-associated PI3K activity. Early and late endosomal fractions were recovered after ultracentrifugation of the crude cytosolic fraction for 1 hour at 300 000g and 200 000g, respectively. Receptor binding with 20 g of protein from the plasma membrane and early/late endosomal fractions was performed as described previously using ␤AR ligand [ 125 I] cyanopindolol (250 pmol/L). 11 Adenylyl cyclase assays were performed as described previously, 11 using 20 g of the plasma membrane fraction.
Generation of Recombinant Adenoviruses to Overexpress FLAG-PIK
To generate adenoviruses directing the expression of the PIK domain of PI3K, cDNA-encoding FLAG-tagged PIK domain 9 was amplified to introduce convenient restriction enzymes sites XhoI and HindIII (forward, 5Ј-CTCGAGCCGCCGCCGCGGATAGCCCTCCTAAG-3Ј; reverse: 5Ј-AAGCTTCTAGTCGTGCAGCAT-3Ј). Amplified fragments were digested with XhoI and HindIII enzymes and ligated into pShuttle-CMV. Recombinant pShuttle-CMV was coelectroporated with pAdEasy-1 into BJ5183 Escherichia coli (Stratagene) to generate recombinant adenoviral vector. 12 The recombinant adenoviral DNA was transfected into human embryonic kidney 293 cells using Lipofectamine (Invitrogen), and the viruses were serially amplified and purified on a CsCl density gradient by ultracentrifugation. Control adenoviruses consisting of the identical adenovirus backbone without the cDNA insert ("empty virus," AdEV) or with a GFP insert (AdGFP) were kindly provided by Dr Christopher J. Kontos (Duke University Medical Center, Durham, NC) for amplification.
Expanded Methods can be found in the online-only Data Supplement.
Results
Mice With Cardiac-Specific Overexpression of PIK Domain Have Reduced ␤ARK1-Associated PI3K Activity
To disrupt the ␤ARK1/PI3K complex in vivo, we generated transgenic mice with cardiac-specific overexpression of the PIK domain peptide of PI3K using the ␣MHC promoter ( Figure 1a , top). 13 Three founders (11, 26, and 14) were generated that had 16-, 108-, and 198-fold overexpression of the transgene relative to wild-type (WT) mice (Figure 1a , bottom). Because we have previously shown that the PIK domain competitively displaces PI3K from ␤ARK1 in a concentration-dependent manner, 9 we used the 198-fold overexpressing mice to determine whether the PIK transgenic mice had decreased ␤ARK1-associated PI3K activity. ␤ARK1 was immunoprecipitated from left ventricular lysates and assayed for associated PI3K activity. Compared with WT littermates, PIK-overexpressing transgenic mice (TgPIK) showed a significant reduction in ␤ARK1-associated PI3K (Figure 1b and 1c) as a result of the displacement of endogenous PI3K from ␤ARK1 (Figure 1b ). Next, we tested whether overexpression of the PIK domain in transgenic mice altered total PI3K activity in the heart. PI3K␣ and PI3K␥ were immunoprecipitated from left ventricular lysates and assayed for lipid kinase activity. As expected, no difference in PI3K activity was observed between the PIK transgenic mice and their littermate controls (CON; Figure 1d ). Importantly, these studies show that overexpression of the PIK domain specifically displaces endogenous PI3K from the ␤ARK1 complex but does not affect endogenous PI3K activity.
Cardiac-Specific Overexpression of the PIK Domain Prevents Isoproterenol-Induced ␤AR Desensitization and Downregulation In Vivo
We next tested whether overexpression of PIK domain peptide would prevent ␤AR dysfunction in vivo after long-term exposure to high levels of catecholamines. TgPIK mice (198-fold) and their WT littermates were chronically treated with the catecholamine isoproterenol (ISO) for 7 days via osmotic mini-pumps. ISO administration for 7 days determined a similar mild hypertrophic response in WT and TgPIK mice (Figure 2a , black bars). To test the effects of PIK overexpression on ␤AR levels at the plasma membrane, ␤AR density was directly measured in myocardial plasma membrane fractions from WT and transgenic mouse hearts after 7 days of chronic ISO treatment ( Figure 2b ). Plasma membrane ␤AR density was significantly reduced by 40% in chronic ISO-treated WT hearts compared with vehicle-treated WT hearts, whereas no significant decrease in ␤AR density occurred in the ISO-treated TgPIK hearts compared with vehicle-treated TgPIK hearts (Figure 2b , black bars). To precisely determine the intracellular fate of chronically stimulated receptors in WT and TgPIK hearts, ultracentrifugation was carried out to separate the vesicular fractions corresponding to the early and late endosomal compartments. Isolation of early and late endosomes was confirmed by immunoblotting with antibodies against rab5 and lamp1 proteins, markers for early and late endosomes, respectively ( Figure 2c ). Interestingly, chronic stimulation of WT mice with ISO led to a significant redistribution of ␤ARs into the early and late endosomal fractions (Figure 2 , d-e). In sharp contrast, in PIK-overexpressing mouse hearts exposed to chronic catecholamine stimulation, ␤ARs showed no redistribution into endosomal fractions (Figure 2d and 2e). Importantly, no differences were observed in total receptor number among the different groups ( Figure 2f , black and white bars). Moreover, the level of steady-state mRNA expression for ␤ 1 ARs was unchanged in the different groups (Data Supplement, Figure  A) . These data indicate that the agonist-promoted downregulation of ␤ARs at the plasma membrane actually results in a redistribution of receptors into specialized intracellular compartments, with enrichment into early and late endosomal organelles and preservation of the total cellular receptor number.
Because disruption of the ␤ARK1/PI3K complex by PIK overexpression maintains ␤AR levels at the plasma membrane without inhibiting agonist-induced ␤AR phosphorylation and desensitization, 12 we tested whether increased numbers of agonist-accessible ␤ARs would result in an increase in downstream signaling. To test this, we measured basal and ISO-stimulated cAMP generation in membranes from WT and TgPIK hearts after 7 days of chronic ISO treatment ( Figure 2g ). As expected, no differences were found for basal cAMP production among all the different groups (Figure 2g , white bars), and a significant reduction in ISO-stimulated cAMP was observed in WT mice treated with catecholamines. Importantly, overexpression of the PIK domain completely preserved adenylyl cyclase activity after chronic ISO compared with WT ( Figure 2g , black bars). These data indicate that PIK overexpression not only maintains membrane levels of ␤ARs but also promotes their resensitization despite prolonged agonist stimulation.
Overexpression of PIK domain exerted these beneficial effects without affecting other downstream PI3K signaling pathways, as measured by similar activation of protein kinase B (PKB) and glycogen synthase kinase (GSK) in WT and TgPIK mice (Figure 2h ), as previously described. 9 Moreover, overexpression of the PIK domain in transgenic mice did not alter the low rate of apoptotic cell death induced by prolonged ISO stimulation (Data Supplement, Figure B ). Taken together, these results indicate that disruption of the ␤ARK1/ PI3K in the heart preserves in vivo ␤AR signaling under conditions of increased circulating catecholamines through selective and receptor-targeted inhibition of PI3K activity. Interestingly, PIK overexpression depletes early and late endosomes of ␤ARs despite prolonged agonist stimulation, (2 mg) were used for immunoprecipitation with ␤ARK1 antibody and assayed for associated PI3K activity (top) in WT (nϭ8) and 196-fold overexpressing transgenic TgPIK mice (nϭ8). Immunoblotting for FLAG-PIK (bottom) after immunoprecipitation with anti-FLAG antibody from cytosolic lysates (4 mg). c, Summary data of densitometric analysis of ␤ARK1-associated PI3K activity in WT and TgPIK mice. PI3K activity in transgenic mice is expressed as percent WT values (*PϽ0.0001 vs WT). d, Myocardial lysates (2 mg) were used for immunoprecipitation with PI3K ␣ and ␥ antibodies and assayed for basal PI3K activity in WT and TgPIK mice (WT, nϭ8; TgPIK, nϭ8). Bottom, Immunoblotting for FLAG-PIK after immunoprecipitation with anti-FLAG antibody. K indicates Kozak sequence; IP, immunoprecipitation; IB, immunoblotting; PIP, phosphatidylinositol monophosphate; PIP2, phosphatidylinositol bis-phosphate; Ori, origin; and LC, light chain.
maintaining their levels at the plasma membrane and restoring their ability to signal.
To confirm whether PIK overexpression would preserve cardiac function under pathological conditions, similar to what we have shown in mice expressing a kinase-dead mutant PI3K␥ (PI3K␥ inact ), 10 we performed transverse aortic constriction experiments in WT and TgPIK mice. Consistent with our previous report, 10 pressure-overloaded TgPIK mice displayed significantly improved cardiac function after 4 weeks of pressure overload compared with WT mice despite the presence of similar trans-stenotic pressure gradients (Data Supplement, Figure C ).
Increased ␤ARK1-Associated PI3K Activity Results in Profound Abnormalities of ␤AR Signaling in Porcine Heart Failure
The previous results in ISO-treated WT mice indicate that prolonged agonist stimulation promotes a shift of ␤ARs from the plasma membrane to specialized intracellular vesicular compartments, from where they can undergo de-phosphorylation and recycling (early endosomes) 14 or degradation (late endosomes). 15 PIK overexpression inhibits this process in mice and facilitates receptor re-sensitization despite pro-longed agonist stimulation. Since these observations have important clinical implications in terms of restoring ␤AR signaling in the failing heart, we tested whether intracellular redistribution of ␤ARs occurs in experimental heart failure and can be reversed by PIK overexpression. Therefore, we characterized PI3K signaling and ␤AR abnormalities in a large animal model of cardiac dysfunction induced by rapid ventricular pacing in pigs, 16 which closely recapitulates the bio-mechanical complexity of human heart failure. After two weeks of pacing-induced tachycardia, pigs developed a reproducible phenotype of dilated cardiomyopathy, characterized by marked cardiac enlargement and dysfunction, with the pacer on or off (Table 1) . Cardiac dysfunction in failing pig hearts was accompanied by a marked increase in ␤ARK1 protein levels (Figure 3a, top panel) and ␤ARK1-associated PI3K activity (Figure 3a , middle and lower panels). The increase in ␤ARK1-associated PI3K activity in the plasma membrane was associated with a significant and selective increase in the activity of PI3K␥ isoform (Figure 3) , while no appreciable increase in PI3K␣ activity was observed (Data Supplement, Figure D) , consistent with our previous data with pressure overload-induced heart failure in mice. 17 Figure 2 . Overexpression of PIK domain of PI3K preserves ␤ARs function after chronic isoproterenol administration. a, Ratios of heart weight to body weight (HW/BW) in WT and TgPIK mice after vehicle treatment (WT, nϭ6; TgPIK, nϭ5) or 7 days of ISO administration (WT, nϭ5; TgPIK, nϭ6) (*PϽ0.01 vs respective vehicle). b, ␤AR density in the plasma membrane (PM) of WT and TgPIK mice after vehicle treatment (WT, nϭ6; TgPIK, nϭ5) or 7 days of ISO administration (WT, nϭ5; TgPIK, nϭ6) (*PϽ0.0001, WT ISO 7 days vs all). c, Immunoblotting showing subcellular fractioning of endosomal markers rab5 and lamp1 after centrifugation at 37 000g (PM), 200 000g (LE), and 300 000g (EE). Vesicles exclusively enriched with rab5 correspond to early endosomes (EE), whereas fractions enriched with lamp1 correspond to late endosomes (LE); both endosomal markers are absent in the PM. d, e, ␤AR density in EE and LE of WT and TgPIK mice after vehicle treatment (WT, nϭ6; TgPIK, nϭ5) or 7 days of ISO administration (WT, nϭ5; TgPIK, nϭ6) (*PϽ0.01, WT ISO 7 days vs all). f, Total ␤AR density in same WT and TgPIK mice (PϭNS). g, In vitro basal (white bars) and ISO-stimulated (black bars) adenylyl cyclase activity in WT and TgPIK mice after 7 days of ISO (WT, nϭ5; TgPIK, nϭ5) or vehicle (WT, nϭ4; TgPIK, nϭ5) treatment. Adenylyl cyclase activity on NaF stimulation: 182.0Ϯ10.9 and 221Ϯ16.8 pmol · mg Ϫ1 · min Ϫ1 for WT and TgPIK, respectively, for vehicle treatment and 149Ϯ20.3 and 160.7Ϯ14.7 pmol · mg Ϫ1 · min Ϫ1 for WT and TgPIK for ISO (*PϽ0.001, ISO vs basal). h, Western blot analysis showing similar activation of PKB and GSK on ISO stimulation in WT or TgPIK mice measured by levels of phosphorylated PKB and GSK.
Increased ␤ARK1 levels and membrane-targeted PI3K activity in failing pig heart were associated with profound abnormalities in ␤AR signaling, similar to those described in human heart failure 1,2 and in our model of ␤AR dysfunction induced by chronic catecholamine stimulation. ␤ARs were significantly desensitized, as expressed by diminished ISOstimulated membrane adenylyl cyclase activity, either absolute ( Figure 4a ) or normalized as percent maximal activity induced by sodium fluoride (NaF) (Figure 4b ). Moreover, ␤AR plasma membrane levels were significantly reduced by 25% in the heart failure (HF) group compared with the CON group (Figure 4c ; CON, 156.9Ϯ7.6 fmol/mg; HF, 118.2Ϯ10.7 fmol/mg; PϽ0.01). Importantly, HF hearts displayed redistribution of ␤ARs in both early and late endosomal fractions compared with CON ( Figure 4d) , showing that the sequestration of ␤ARs into specialized intracellular compartments takes place in this large animal model of heart failure.
Adenovirus-Mediated Overexpression of PIK Domain Restores Contractile Function of Cardiac Myocytes Isolated From Failing Pig Hearts
To test the ability of PIK overexpression to reverse the established ␤AR abnormalities in failing pig hearts, we generated recombinant adenoviruses driving the expression of FLAG-tagged PIK domain of PI3K. In cardiac myocytes from porcine hearts, infection at a multiplicity of 1000 resulted in significant expression of PIK domain peptide, which was confirmed by immunofluorescence ( Figure 5a ) and immunoblotting (Figure 5b ).
Because failing pig hearts display profound ␤AR abnormalities with an associated increase in ␤ARK1-associated PI3K activity (Figures 3 and 4) , we tested whether adenovirus-mediated overexpression of the PIK (AdPIK) domain could displace endogenous PI3K from ␤ARK1 in failing cardiomyocytes. Thirty-six to 48 hours after infection, membrane fractions from primary cultures of porcine cardiac myocytes were used for ␤ARK1-associated PI3K assay. As shown in Figure 5c , we observed a marked decrease in receptor-localized PI3K activity in the cardiac cells infected with AdPIK compared with uninfected cells or cells infected with the viral backbone (AdEV) (Figure 5c ), showing that overexpression of PIK domain peptide in myocytes displaced endogenous PI3K from ␤ARK1.
To test the effects of adenovirus-driven overexpression of PIK on receptor endocytosis induced by agonist binding, ␤ 2 AR internalization after ISO stimulation was visualized in sarcoma cells by confocal microscopy. Cells transiently expressing ␤ 2 AR-YFP were infected with either AdEV or AdPIK (infection at a multiplicity of 100). In the absence of agonist, a distinct membrane localization of ␤ 2 AR-YFP was visualized in uninfected and infected cells (Figure 5d , panels 1 through 3). After ISO stimulation, receptors were completely redistributed into cellular aggregates in uninfected cells and cells infected with AdEV (Figure 5d , panels 5 and 6). In contrast, in cells overexpressing the PIK domain peptide at high levels, as visualized by Texas red staining, there was complete preservation of ␤ 2 AR-YFP membrane staining (Figure 5d, panels 7 and 8) . Importantly, PIK overexpression similarly blocks ␤ 1 AR internalization after agonist stimulation (Data Supplement, Figure E) . These data confirm that the net effect of PIK overexpression is to preserve ␤AR levels on the plasma membrane despite agonist stimulation.
To test whether PIK overexpression could rapidly reconstitute ␤AR responsiveness to agonist in failing cardiomyocytes, contractility studies were carried out on cells isolated from CON and HF pig hearts, uninfected (HF) or at 36 to 48 hours after infection with either empty virus AdEV (HF-AdEV) or AdPIK (HF-AdPIK). In multiple sets of cells, we measured basal and ISO-stimulated percent cell shortening, velocity of shortening, and velocity of relaxation. Failing pig myocytes were characterized by marked depression of all the indices of contractility compared with cells from normal pig hearts (Table 2) . Importantly, infection with AdPIK markedly ameliorated the abnormalities in ISO-stimulated cellular contractility compared with AdEV ( Figure 6 ), reversing the contractility parameters to almost normal levels (Table 2) . Therefore, disruption of the ␤ARK1/PI3K complex improves failing myocyte function by reversing already established abnormalities in ␤AR function and thereby restores normal responsiveness to ␤AR agonist stimulation ( Table 2 and Figure 6 ). The limited amount of material from the primary cultures of pig cardiomyocytes after AdPIK or AdEV infection did not allow us to directly evaluate the levels of ␤ARs or cAMP generation in these cells. However, restoration of ␤AR responsiveness after inhibition of ␤ARK1-associated PI3K activity is consistent with a process that involves reconstitution of functional ␤ARs at the plasma membrane. Taken together, these results indicate that PIK overexpression changes the fate of agonist-stimulated ␤ARs, preserving ␤AR signaling despite prolonged catecholamine administration and, importantly, reversing already established ␤AR abnormalities, thereby restoring contractility of failing cardiomyocytes to nearly normal values.
Discussion
We show in the present study that the membrane targeting of PI3K plays a major role in the processes of ␤AR desensitization and downregulation that are characteristic of heart failure. Chronic catecholamine stimulation and heart failure lead to a loss of ␤ARs on the plasma membrane and a redistribution of receptors to endosomal compartments. Disruption of the ␤ARK1/PI3K complex by overexpressing the 197 aa PIK domain peptide prevents endogenous PI3K translocation to the membrane and alters the intracellular trafficking of ␤ARs after prolonged agonist stimulation. The resulting effect is to preserve ␤AR membrane levels and their ability to signal. Importantly, overexpression of the PIK domain peptide in failing cardiomyocytes can also reverse already established ␤AR abnormalities, reconstituting to nearly normal the contractile response to ␤-agonist stimulation.
Human heart failure is characterized by increased levels of circulating catecholamines and extensive abnormalities in ␤AR signaling that are due in part to an increase in ␤ARK1 levels. 1, 2, 18 Data from our present study and from previous studies have always suggested that chronic ␤AR dysfunction promotes deterioration of cardiac function; therefore, strate- †PϽ0.01, HF ISO vs CON ISO). c, ␤AR density in plasma membrane (PM) among CON (nϭ10) and HF (nϭ8) membranes from pig hearts ( †PϽ0.01, HF vs CON). d, ␤AR density in early (EE) and late (LE) endosomes of CON and HF pig hearts (CON, nϭ4; HF, nϭ4; (*PϽ0.05, HF vs CON).
gies that restore ␤AR signaling may represent a valuable strategy in the treatment of heart failure. 4 This conclusion is supported by a number of observations in which preservation of ␤AR signaling by ␤ARK1 inhibition, 19, 20 PI3K␥ inact overexpression, 10 or PIK domain overexpression as in the present study results in the amelioration of cardiac function 10, 19, 20 and prolongation of survival. 9 These results are congruent with data showing the reversal of ␤AR dysfunction after ␤-blocker therapy in heart failure. 5, 6 Importantly, the concept of normalizing ␤AR dysfunction in HF needs to be distinguished from strategies that use chronic ␤AR activation as a therapy such as chronic catecholamine infusion, 21 overexpression of ␤ARs, 22, 23 or Gs␣. 24 All of these approaches share a common feature-chronic ␤AR activation-that leads to internalization and downregulation of receptors, a process we believe is inherently maladaptive. Our data using different genetically modified animal models, including the present study, consistently support the concept that restoration of normal responsiveness to agonist rather than chronic receptor activation is required to exert a beneficial effect in heart failure. 10, 19, 20 The earliest processes that ultimately lead to the dampening of ␤AR signaling are ␤AR phosphorylation by ␤ARK1, binding of ␤-arrestin, and targeting of the agonist-bound receptor to endocytosis. 4 According to the current understanding, after internalization, ␤ARs are targeted to endosomal compartments where they can be either dephosphorylated and recycled back to the plasma membrane to start a fresh cycle of signaling (early endosomes) or targeted to the late endosomes and degraded. Taken together, our results suggest a new paradigm for ␤AR redistribution from the plasma membrane to intracellular compartments. Indeed, although we find a significant accumulation of receptors into early and late endosomes, we unexpectedly find that the total number of ␤ARs and their mRNA levels remain constant after ISO stimulation. Although it is not known for how long and to what extent the sequestered receptors reside in late endosomes before degradation, our data suggest that these processes in vivo are not rapid. Therefore, our data suggest that desensitized and internalized receptors can be targeted to rapidly recycle back to the plasma membrane from early and possibly late endosomes. A strategy such as PIK overexpression would achieve this goal, as we show in these studies.
A recent study suggests that a continuous equilibrium exists in vivo between internalization and recycling of ␤ARs to the sarcolemma under physiological conditions and that this plasma membrane-endosome bidirectional trafficking of ␤ARs may be responsible for the resensitization of receptors after catecholamine exposure. 25 Our recent in vitro studies have shown that generation of phosphoinositides by PI3K at the site of activated receptors is required for efficient internalization of ␤ARs after agonist stimulation. 9 Consistently, in pigs with pacing-induced heart failure, ␤AR redistribution to intracellular compartments was accompanied by a significant increase in membrane-targeted PI3K activity. Although our data in failing porcine hearts suggest a specific role for PI3K␥ in the pathophysiology of heart failure, we have previously shown 10 that the loss of PI3K␥ is insufficient to prevent ␤AR abnormalities after chronic catecholamine stimulation, 10 because ␤ARK1 can associate with and recruit other isoforms of PI3K to the receptor complex. 9,10 Consistent with our previous studies, 10 it has recently been reported that PI3K␥ KO mice undergo deterioration in cardiac function after pressure overload with necrosis and fibrosis, possibly because of hyperstimulation of ␤ARs, because treatment with the ␤AR antagonist propranolol limited these adverse affects. 26 These results support our concept that to normalize ␤AR signaling, displacement of all PI3K isoforms from ␤ARK1, rather than inhibition of a specific isoform, is required. This is achieved by overexpression of the PIK domain, conserved throughout all isoforms of PI3K.
By disrupting the ␤ARK1/PI3K complex, which targets PI3K to the site of activated receptors, PIK overexpression reduces the amount of ␤AR-targeted PI3K activity. Importantly, PIK overexpression in transgenic mice significantly altered the pattern of ␤AR intracellular redistribution after agonist stimulation, with a resultant preservation of the plasma membrane levels of ␤ARs. Our data support an emerging concept that internalization of ␤ARs is a pathological process per se, because it directly activates maladaptive signaling pathways in a G-protein-independent fashion. 7 Therefore, inhibition of ␤AR redistribution accomplished by PIK overexpression is beneficial because it blocks maladaptive signaling pathways triggered by ␤AR internalization. Interestingly, the significant increase in the ISO responsiveness of TgPIK hearts after chronic catecholamine stimulation suggests that overexpression of PIK domain peptide not only prevents receptor downregulation but also promotes receptor resensitization. Because PIK overexpression does not prevent ␤ARK1 membrane translocation and phosphorylation of ␤ARs, 9 it is likely that the preservation of ␤AR responsiveness in ISO-treated TgPIK mice occurs through enhanced rates of receptor dephosphorylation and resensitization. This concept is also supported by the evidence that adenovirusmediated PIK overexpression under conditions of established desensitization and downregulation of ␤ARs still reconstitutes the contractile responsiveness of failing cardiomyocytes to ISO. Moreover, studies have shown that receptor dephosphorylation by protein phosphatase 2A requires the internalization of agonist-stimulated receptors. 14 Taken together, these results suggest that PIK overexpression either promotes a rapid cycle of receptor/dephosphorylation and endosomal recycling or allows dephosphorylation at the plasma membrane. In both cases, the net effect is to preserve levels and function of agonist-accessible ␤ARs.
In conclusion, our studies show that targeting the ␤ARK1/ PI3K complex with molecular interventions like overexpression of the PIK domain of PI3K, or of similar small molecules capable of disrupting the ␤ARK1/PI3K protein-protein interaction, represents a novel approach to restore ␤AR function in heart failure. This would prevent the accumulation of ␤ARs within intracellular pools, preserving their plasma membrane levels and restoring their capability to properly signal without interfering with ␤ARK1 phosphorylation of activated receptors 9 or with other PI3K downstream signaling pathways.
